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1 Angiogenese tumorale : physiopathologie, valeur pronostique 
et perspectives therapeutiques_j 

T Andre '-H E Chastre L Kotelevets f , JC Vaillant 1 - 5 , C Louvet 
J Balosso 2 - 4 , E Le Gall S Prevot 7 , C Gespach 1 

finserm U482l 2 Cercor, Service de chirurgie digestive, "service demidecine inteme-oncologie. i service d'anatomopaihologie. 
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L~ " service de radiothirapie-oncologie, hfipiiai Tenon, 4, rue de h Chine, 75 970 Paris cetlex 20,\Fronce j 

(Recu le 27 avril [998; accepte le 10 juillci 1998) 



Proeos - Dans les cancers, ['activation de 1'angiogenese joue un role important dans le diveloppement tumoral et dans la disseminati™ 
metastatique. L'objectif de cette revue est de faire le point sur la physiopathologie ct la valeur pronostique de rangiogenese tumorale. et sur les 
perspectives therapcutiques visant a l'inhiber. . 
ActuolUis et points forts. - L'angiogenese tumorale se met en place grace a des interactions cellulaires el moleculaires complexes entre 
cellules cancereuses. cellules endnthclialcs, cellules du stroma tumoral et les constituants de la matricc extraecltulaire La croissat.ee ei la 
dissemination des tumours solides malignes dipendem d un equilibre existant entre regulators positifs et negatifs de I angiogenise 
tumorale Les cellules endotluiliales pcuvent. grace a Taction de facteurs de croissance secretes par les cellules cancireuses q vascular 
endothelial growth factor (VEGR. entrer dans le cycle cellulairc, migter apres rupture de la membrane basale et s organiser spalialemem. 
pour former les vaisseaux imguant la lumeur. L'angiosutinc el Tendostatine. sont deux puissants inh.b.icurs de 1 angiogenese dans des 
mudeles de carcinogenese cxpenmenlale. Dc nombreuses etudes retrospectives, portant [e plus souvent sur la dcnsiti en microvaisseaux et 
p| us rarement sur le VF.GF, ont montre dans de nombreux cancers ct en particulier le cancer du sein, utte association entre angiogenic et 
pronostic Cependaru, rinlcret en clinique de ces facteurs pronostiques est controverse en raison du manque d etudes prospectives ct de., 
limitations inherentes a la quantification et 1 la standardisation des eludes imrmmohistoehimiques. 

Perspectives etprojets. - Une meilleure comprehension des processus moleculaires et physiopathologiqucs uctivam 1 angiogenese urnorae 
rr y .... . y . t„.ui .:„„-, ih^iLmh i« inhihienii-trie 'ancoffenise visent troiscibes moleculaires: la 




© 1998 Elsevier. Paris 

ungkigenese / cancer / vascular endothelial growth factor I signalisation 

Summary - Tumoral angiogenesis: physiftpalhology, prognostic value and therapeutical prospects. 
rintroduedpn, - Angiogenesis activation play's a crucial role in tumoral growth and metastases dissemination. This review summarizes ana 
^W+ufrent knowledge on molecular mechanisms related to angiogenesis and the prognostic value afm effectors. It also focuses on the 
therapeutical relevance of various drugs that might inhibit angiogenesic processes , c ,„, m „, r „A n th,\ial ce Us 

Current knowltdse and key points. - Tumor angiogenesis involves complex interactions between tumoral, stromal, endothelial ie is. 
%r7bm£Ztee£aceltuu\r matrix. Normal and malignant angiogenesis depends on the balance ofproangiogemc and 
factors Endothelial cells are activated by gro^h factors, such as Vascular Endothelial Growth factor (VEGt). and proliferate; they r lease 
Vrotea^ble to induce degradation of the basement membrane and extracellular matrix, and undergo migration and tubulogencsis 
AngTsZifalid eXslatin are two powerful mhibitors of angiogenesis in experimental models. Assessment of tntratumoral ? 
^rTaZgL^ation of angiogenic factors, including VEGF. are of prognostic value in most cancers, particu lariy it ibreas ™<r 
However, the u,e of these prognosis markers in clinical practice is still controversial due to the lack of prospective studies and to techno! 

s^^^Mmenofantiangiogenic At^W- the interaction between angiogenic factors and their receptors; the 
TenZtelalc^slith the eitracellula, -matrix; and intracellular signaling pathways. Angiogenesis inhibitors may not cause r» 
rr/rSktMk cellular growth and produce « disease dormancy ». Extensive phase I to 111 chmcat mats involving antianginals 
therapy are in progress J) 199$ Elsevier. Paris 
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mL^^Tt^^iTt^f^- """^j"™"" Cl Str ° ma '" V"*™ 1 J' a "Ki»Bcne S e el rinvasion tumoral,. L'angiogenfcse 
endoAlHak 2Vll a T H * ""^""P""*"*** « * serine protean (plasminogen, urokinase) par fe, cellules 

U^4)^^iwSSd?h nLn bi ^' e C ' dC i5 raa£riCe cx " a « llulaire = 3> " PmliteaOon e. la migration des eeUs cdothd- 

C^iiririn^^ ™t ™ f "^"'""■P*" assemblage dc la membrane basale et la conversion de cellules stromal en pericytes. 
ccnutef^ral^EGF bFC n f. cftecw f ,.P° sitifs <««« blanehe/foad no ir>. qui »nt de* facteurs paracrines : 1, secret* pa? tos 

ST ^^taw^'iT? ^ - « n ^»« , ™ m »« * 1 "yP 0 "": «■ * I* ^regulation de voies oncogdniqucs ( P 21-ras. P 53): 2j Eibcrcs dc la 
ST ( S ^ui^TSTh * ' """"i* Pr0t * aSCS - d "^P« iM «« ™ dcs fragment de proleolyse de la marrice extraccllulaire elle- 
^tfB^'JlSfZ i? f, f ita ? b If!? ? u s ?° ma tumofaJ - Un c ™« 51 <= n^eatif est e«rct par: 1) d'autres factors paracrines. I'intcr- 
X » ttTfra^n de , fl " f W'»£<"»WW*» de I'cxpmtsioa du brGF) : 2) les irThibiteurs des metalloproLse, mamcielles 
extoce liuSr™ ~™fnT£ la P Iasmlne &? 6ci P rtsence * MUfWs. R-SH (angiogenic) ; 3) des oonstitnanl* de la matrice 

S^l ZT^ttrTX^T.™ : ,hm ""« s P<-"] dino - XVIII (endustatinc). £ prince d'anfiiohlastes dans la circulation 

anguine pourrait eyjicment comnbuer a ta neovascularisaiton tumorals. 



La vasculogenese est la formation de vaisseaux a par- 
lir des precurseurs'des cellules endotheliales, les 
angioblastes, qui proviennent du mesoderme pendant 
J'embryogenese. L'angiogenese est la formation et le 
branchement de nouveaux vaisseaux a partir de vais- 
seaux precxistants (migration et multiplication des 
cellules endotheliales). 

Approximativement, I a 6 x 10" cellules endotheliales 
forment les vaisseaux sanguins chez un adulte, repcesen- 
tant on poids d'environ 1 kg et couvrant une surface d'en- 
viron I 000 m 2 . Le temps de renouvellement de ces cel- 
lules, notmalement quiescentes, est de 1 000 jours. Les 
cellules endotheliales sont, apres les cellules nerveuses, 
ks cellules dont la demi-vie est la plus longue. Seulement 
0,01 % des cellules endotheliales residentes est engage" 
dans le cycle de division cellulaire (phase proliferative). 
Cependant, durant l'angiogenese, les cellules endothe- 
liales des capilJaires peuvent proufcrer aussi rapidement 
que les cellules de la moelle osseuse, qui ont un temps de 
renouvellement de 5 jours. Sous I'effet de stimulations 
Par des facteurs angiogeniques, les cellules endotheliales 
Peuvent entrer dans le cycle cellulaire et degrader la 



membrane basale. Elles peuvent s'organiseren capiliaires 
dans Ic stroma perivascular, induire la differenciation de 
cellules mesenchymateuses en pericytes pour former dc 
nouveaux vaisseaux fonctionnels adaptes a leur microen- 
vironnemcnt tissulaire. Un ensemble de processus biochi- 
miques est implique" a chaque etape, incluant la produc- 
tion de proteases (collagenases, urokinase) par les cellules 
tumorales, les fibroblastes et les cellules endotheliales 
(figure I). Le developpement et la croissancc des cellules 
endotheliales sont regul€s par des facteurs pro- et anti- 
angiogeniques. La neovascularisation est un processus cle 
du developpement embryonnaire, des foncn'ons reproduc- 
trices (menstruation, formation du corps jaune, formation 
du placenta) et de la reparation tissulaire lors de trauma- 
tismes (cicatrisation) et d'ischdmies. L'angiogenese peut 
cependant devenir pathologique, et contribuer au deve- 
loppement de certaines maladies comme Ics retinopathies 
diabetiques, la polyarthritc rhumatoide, le psoriasis, les 
hemangiomas de I'enfant et la progression tumorale [1], 
L'angiogenese tumorale est un processus cle pour la 
croissance et la dissemination des tumeurs soltdes 
malignes ct des leucoses. II est actueliement admis 
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qu'une tumour de diamcire superieur ou egal a 3 mm a 
besoin de neovaisseaux pour Itii apporter oxygene, nutri- 
ments ct eviter 1'hypoxic ct I'apoptose dcs cellules tumo- 
rals [2, 3], 

Des fragments tumoraux, implanlcs dans des terri- 
toires avasculaires comme la cornce, sont vascularises 
en quelquas jours par des neovaisseaux. La tuineur peut 
done assurer sa propre vascularization en relarguant vers 
les vaisseaux prccxistants dcs mMaleurs solubles qui 
declcnchent la conversion du phenotype quiescent des 
cellules endotheliales en phenotype angiogdnique. Chez 
des patients atteints de cancer, les micrometastascs sont 
souvent asymptomatiques et cliniquement non de"tec- 
tables pendant dcs mois ou des annees. La croissance 
d'une tumeur primitive et de ses metastases depend de 
l'equilibre existant entre les regulateurs positifs ct nega- 
tifs de l'angiogenese. Si les activaleurs pretiotninent, la 
tumeur el ses metastases peuvent se deVelopper. Si les 
inhibiteurs preclominent, la tumcur et ses metastases ne 
peuvent crottre au-dela d'un volume de quelques mm 3 , 
("index apoptotique e"tant eleve en l'absence d'angioge- 
nese |4, 5J. Sur plusieurs modeles de souris transg£- 
niques, presentant une surexpression ou une invalidation 
(knockout) d'un ou de plusieurs genes impliqu& dans 
l'angiogenese, on peut verifier que I'activation de l'an- 
giogenese se produit effectivement a un stade precoce 
du ddveloppemcnt tumoral. L' indued on de l'angioge- 
nese sur ces modeles constitue une dtape independante 
et limitante du developpcment des tumeurs [6], L'angio- 
genese sc met en place a la peripheric de la tumeur dans 
le tissu conjonctif. L'arrivee de neovaisseaux au contact 
de la membrane basaie peut elre observee a un stade de 
dysplasie ou dc carcinome in situ avant l'emergence 
d'une tumeur invasive, suggerant que ['activation de 
1'angiogenese soit un phenomene progressif et precoce 
[4, 7). L'angiogenese, (Stabtie pendant les stades precan- 
cereux, a ete dludiee dans le sein ct le col dc I'uteros par 
immunohistochimie (anticorps anti-facteur Willebrand 
et anti-CD3 1 ). Dans ces tumeurs, la neoangiogenese 
tumorale est activee et commence a sc metue en place 
des le stade dc carcinome in situ [4]. 

L'angiogenese tumorale implique des interactions cel- 
lulaires et moleculaires complexes cntre les cellules can- 
cereuses, les cellules endotheliales, les cellules du stroma 
tumoral et pdritumoral, et les constituants de la matrice 
extracellulaire. L'activation dcs cellules endotheliales 
peut se faire par secretion de facteurs angiogemques : 

- soit de facon directe par les cellules canc£reuses 
ellcs-memes par secretion de vascular endothelial 
growth factor (VEGF) en reponse a I'hypoxie |8. 9 J 
ou comme consequence de l'activation de certains 
oncogenes ou de certains genes supresseurs dc tumeur 
comme ran et p53 ; 

- soit de facon indirecte par d'autres types cellulaires 
presents dans le stroma tumoral (macrophages, masto- 



Tableau I, Rcgulaleurs endogenes de I'ungiogenise tumorals 



Facteurs proangip/ien ii/ites 
Angiogenic 

Anpiopoieiine-I • 

Epidermal growth factor (EGF) 

Fibroblast growth factor (FGF) acidc et hastque 

Hepatocyte. growth factor (HGF) 

Imcrlcukme-8 (IL-8) 

Placenta growth factor 

Platelet-derived growth factor I PDGF) 

Secreted protein acidic and rich in cysttin (SPARC) 

Transforming growth factor (TGF) a el j5* 

T ninar necrosis factor (TNF) a 

Vascular endothelial growth factor (VEGF) 

VEGF-B, VEGF-C ct VEGF-D 

Facicurs anti-angiogeniqucs 
Angiostatine 
Angiopote'Une -2 
Endostaline 
Faclcur 4 plaquectaire 
Fragments dc la prolamine 
Fragment de la matrix meialloprotease 1 (MMP2) 
Inhibitcm* tissulaircs dcs metalloproteinases (TIMP) 
Interferons a el /3 
Piulamine 

Transforming growth factor (TGF) /J" 
Trombospondinc-1 



*R«le complexc du TBF/3, permissif on inhibitcur scion le rtwdele 
ctudie. 11 inhibe in vitro la croissance dcs cellules endothelials* « 
induit in vivo l'angiogenese. 



cytes, fibroblastes, cellules dendritiques) «recrutes» 
par les cellules cancereuses ; 

- soit par certains composants et fragments proteoly- 
tiques de la matrice extracellulaire ou le relargagc de 
facteurs angiogdniques sequestrds par les proteogly- 
canes [7]. 

De nombreux mediateurs (tableau I) cxercent une 
action proangiogenique ou anti-angiog6nique. Cer-: 
tains de ces facteurs, comme le VEGF, se flxent aux 
rdcepteurs mcrnbranaires a activity tyrosine kinase 
specifiques localises sur les cellules endothelials et 
declenchent la signalisation intracellulaire. Une: 
meilleure connaissance des mccanismes qui re'guleM 
l'invasion et l'angiogenese permct d'envisager des. 
traitemcnts a visde anti-angiogenique actueUement eo 
devcloppement. Ces traitements reprdsentent 1'uti de* 
axes de recherche majeurs en cancerologie. 

FACTEURS ANGIOGENIQUES 

Vascular endothelial growth factor (VEGF) 
et ses peptides apparentes 

Parmi les nombreux mediateurs intervenant dans 
giogenfcse, le premier facteur de croissance specifi ( I u< 
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dc la cellule endotheiiale. le VEGF. a ete identifie" en 
1989 J 1 0 1 . Les eludes realiseos dcpnis ont montre 
I 'importance du VEGF dans les processus angioge- 
niques normaux et pathologiques. Le clonage moiecu- 
laire el la caracterisaiion du VEGF ont cte realises 
simultanemcnt par trots equipes [1 1-13]. Ce facteur 
est une glycoproteins de 40-45 kDa, liant Sparine 
dont ^sequence presence de faibles homologies avec 
les chaincs A et B du facteur de croissance plaquet- 
taire (PDGF). Lc gene codant Ic VEGF humairt, loca- 
lise sur le chromosome 6, est constituc de huit exons 
1 10], Le VEGF est exprime ires precocement pendant 
l'embryogenese. Chez la souris transgenique, reacti- 
vation d'un allele du V cGF est letale des le huitieme 
jour de la gestation [14]. Chez l'adulte, le VEGF est 
produit dans de nombreux tissus normaux, en particu- 
lier les reins, le coeur et le poumon. Le VEGF est 
secret par de nombreux types cellulaires dont les 
macrophages [15], les cellules pericytaires et les cel- 
lules epithgliales de la retine mais pas par les cellules 
endolheliales elles-memes. Le VEGF est secrdte" par 
les cellules cuncereuses. Ce peptide est surexprime' 
dans de nombreux cancers humains par rapport aux 
tissus de controle homologues [16-18J. 
Les fonctions du VEGFsont multiples : 

- croissance et proliferation dcs cellules endothelials 
(agent mitogene) ; 

- differenciation et organisation des cellules endothe- 
liales en tube (agent morphogene) ; 

- augmentation de la permeabilite vasculaire (100 a 
1 000 fois plus puissant que 1' histamine ou la bradyki- 
nine); 

- secr6tion et activation d'enzymcs proteolytiques 
(me'talloproteascs, plasminogene) provoquant la 
digestion de la malrice extracellulaire, qui facilitent 
l'infiltration des tissus parde nouveaux vaisseaux san- 
guins (figure I). 

D'autres facteurs angiogeniques, les VFGF-B. 
VEGF-C et VEGF-D, ont dte recemment clones et 
possedent dc nombreuses homologies avec le VEGF. 
Ces facteurs constituent ainsi une famiile de peptides 
angiogeniques [19-21], 

Recepteurs du VEGF et de ses peptides apparentes 

Us recepteurs du VEGF el de ses peptides apparentes 
appartiennent a la famiile des rccepteurs possddant 
une activity tyrosine kinase tntrinseque [22. 23], Ces 
rccepteurs, presents a la surface des cellules endothe- 
liales, possedent une region extracellulaire, composee 
de sept domaines de type immunoglobuline capable 
de lier les ligands. un domaine transmembranaire et 
un doma : ae cytoplasmique portant 1'activhe tyrosine 
kinase. La liaison du Itgand provoque la dimerisation 
du recepteur et declenche Tactivite catalytique 



cunduisant a ia phosphorylation des recepteurs et de 
substrats cytoplasmiques. Trois recepteurs du VEGF 
out 616 carauerises : 

- KDR chez I'homme (kinase insert domain contai- 
ning receptor: VEGF-R2) et Flkl chez la souris (fetal 
liver kinase- 1 } ; 

- Flt-1 (fms-like tyrosine kinase- 1 : VOGF-R I ) ; 

- VEGF 165-R/neuropiIine. 

L'expression de Fltl et Flkl. qui lient le VEGF 
avec une forte affinite, est reslreintc aux cellules 
endolheliales et h certaines cellules hematopoi'etiques 
monocyiaires. Flkl /KDR inlervicnt dans la vasculoge- 
nese et dans I'angiogenese, regulant la differentiation, 
le chimiotactisme et la multiplication dcs cellules 
endothelials [24]. L'inactivation des deux alleles de 
ce gene est tetale pour I'embryon de souris au ncu- 
vieme jour de gestation [25]. Fltl joue un role essen- 
tia dans la differenciation et ("organisation architectu- 
ral des vaisseaux, sans poss£der les activitds 
mitogeniques ct chimiotactiques contrdlees par Flkl 
[22 1 . Ainsi le VEGF agit de facon paracrine via ses 
recepteurs pour reguler la differentiation des cellules 
endotheiiaics et la neovascularization des tissus [26]. 
Un autre recepteur, Flt-4 (fins-like tyrosine kinase-4) 
prdscnte de fortes homologies avec Flkl et Fltl. II lie 
avec une haute affinite" les VEGF-C et VEGF-D et 
activerait la proliferation et la differenciation des cel- 
lules endolheliales lymphaiiques [27]. 

La cascade de signalisation, activee par les recep- 
leurs du VEGF et de ses peptides apparentes. com- 
mence a etre mieux connue. Jusqu'a present, les parte- 
naires moteculaires de ces recepteurs sont communs a 
plusieurs tyrosines kinases et comprennent les mole- 
cules adaptatrices appartenant aux voies de transduc- 
tion dc SRC/RAS/MAP kinases, et comprcnant la 
phospholipase C (PLCyl) [28], 

Autres facteurs angiogeniques 

Lc processus angiogenique ne peut Itrc r6duit a l'ex- 
pression des peptides apparentes au VEGF et a I'acti- 
vation de leurs rccepteurs, mais il implique d'autres 
facteurs et d'autres families de recepteur a activite 
tyrosine kinase. Ainsi, les rccepteurs Tie- 1 (recepteur 
orphelin) et Tie-2/Tek sont specifiquement exprimes 
par cellules cndothdliales et interviendraient dans 
1'etablissement de 1'architecture vasculaire [2J. Deux 
ligands de Tie-2 ont identified: l'angiopoi'etine-l 
et l'angiopoTctine-2, L*angiopoietine-1, secr&ee par 
les cellules mdsenchymateuses, stimulerait le relar- 
gage du facteur de croissance derive" des piaquettes 
(PDGF) par les cellules endolheliales. En retour, le 
PDGF recruterait les cellules mesenchymateuscs. 
Lcur interaction avec les cellules endotheliales 
conduirait a l'activation du TGF-/J, present sous une 
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forme latente dans la matrice extracellulaire, el a la 
dii'ferencialion des cellules mcsenchymateuse.s en 
pericytes. L'angiopoietinc-l serai! done rcsponsable 
du mainticn de rintegrilc des vaisseaux, tundis que 
l'angiopo'tetine-2 seule induirait leur regression, el 
combinee au VEGF favoriserait Ic processus angioge- 
niquc. L'angiopoi'etine-2 sc comporte done comme un 
antagonist du re'eepteur Tie-2. D'autres facteurs dc 
croissaiice ont un large spectre d'action. incluanl l'an- 
giogenese. Le facteur de croissance des fibroblastes 
de type basique (bFGF) est un puissant mitogene pour 
les cellules endoth&iales. II agit de maniere syner- 
gique avee le VEGF, et ce cons^cudvemeni £ I'activa- 
tion de son recepleur sur les cellules endothelials, 
mais egalement en stimulant la sdcretion du VEGF 
par les cellules mdsenchymateuses. H convienl de sou- 
ligner que le bFGF exisle essentiellcment sous une 
forme inactive, associe aux prolcoglycanes a heparane 
sulfate. La secr&ion de la prot£ine de liaison du bFGF 
par les cellules tumorales (FGF-BP) restaure la biodis- 
ponibilit£ et Taclivitd du facteur dc croissance. Le fac- 
teur de croissance des hipatocytes/facteur de dissemi- 
nation (WGf /scatter factor) a unc action pleiotropc 
sur la proliferation, la motility ct la morphogencse 
dans differents types cellulaires, incluant les cellules 
endothelials [29]. 

EVALUATION DE L'ANGIOGENESE 
TUMORALS ET VALEUR PRONOSTIQUE 

De nombreuses etudes ont demontre la valeur pronos- 
tique de l'angiogenese tumorale appreciee par la 
mcsurc de la densite en microvaisseaux [30]. La 
mesure de la densite en microvaisseaux, par des tech- 
niques immuhohistochimtques. a 6te" appliquee dans 
de nombreux cancers solid.es. La densild en micro- 
vaisseaux est un facteur pronostiquc ind£pendant de la 
rechute locale ou m&astatique dans le cancer du sein. 
Dans ce cancer, 21 dtudes retrospectives ont evalu£ la 
valeur pronostique de la densitd en microvaisseaux. 
La grande majorite de ces etudes montre unc associa- 
tion significative entre I"aetivit6 angioggnique elevee 
et un mauvais pronostic. Cette relation a cte' trouvee 
aussi bien pour les patientes avee ou sans ganglion 
m£tastalique [31, 32]. Dans les cancers urogenilaux 
[33], les cancers du poumon [34| et dans les cancers 
du tube digestif [35-39]. la densite" en microvaisseaux 
est un facteur pronostique de rechute essenticllement 
m£tastatique. L'expression du VEGF, mise cn dvi- 
dence par immunohistochimie, a fait 1'objet d'dtudes 
pronostiques retrospectives dans Ic cancer du sein 
[32], le cancer dc I'estomac [37] ct le cancer du colon 
[ "0, 41]. Dans le cancer du sein, c"est un facteur pro- 
nostique de rechute. Dans les cancers de I'estomac et 
du c61on, les resultats sont contradictoircs [37739, 40, 



4] ]. Ccpendant, ii convient de souligncr que la quanti- 
fication de 1' angiogene.se en immunohistochimie im 
peu reproductible et difficile a standardiser du fait : 

- de I'hdterogencitc de la vusculari.sation au sein 
d'une lumeur [41], une section tumorale don nee 
n'etant pas representative etc la vascularisation de 
1'en.seinble de la tumeur: 

- de la diversity des anticorps monoclonaux utilises 
(anticorps anti-facteur Wiiiebrand, CD31 et CD34 
pour la densite cn microvaisseaux) ; 

- de la faible difference d'expression des facteurs 
angiog&iiques et de leurs recepteurs existant entre le 
tissu tumoral et le tissu adjacent de controle (defe- 
rence rarement superieure a un facteur 2). 

Pour ces raisons, la densite en microvaisseaux ct le 
VEGF ne sont pas des facteurs pronostiques utilises 
en pratique courante. Unc standardisation des 
methodes de quantification de l'angiogenese est 
eependant a I'etude |42], afin de valider l'interet pro- 
nostique de l'angiogenese tumorale dans des etudes 
prospeciives ct multiceniriques. 

Peu de resultats sont disponibies sur la quantifica- 
tion de l'expression du VEGF evaluee en northern 
blot. Cette technique met en evidence ("accumulation 
d'ARN messagers dans les tumours el peut etre stan- 
dardised vis-a-vis d'un autre messagcr, dont rat-cu- 
mulation n'est pas modified pendant la progression 
nioplastque. L'expression relative dc ces deux ARN 
messagers est quantified apres hybridation des sondes 
radiomarquecs (northern blot). U existe une surexpres- 
sion de VEGF d'un facteur 5 a 7 dans les cancers du 
rein et du sein [17, 18J. Cette difference est beaucoup 
plus faible dans le cancer du colon chez l'homme 
[43]. En effet, nos resultats [43] montrenl une trcs 
faible variation de l'expression des elements de l'an- 
giogenese tumorale (VEGF, ses peptides apparenles et 
leurs recepteurs). Ce constat peut s'expliquer par l"tm- 
portante vascularisation de l'dpithclium digestif. 
Cependant, il ne faut pas ncgiiger 1' importance fonc- 
lionneile de cc processus dans la croissance des 
tumeurs primaires et dans leur capacite a organiser 
1" invasion locale ou Ic processus miStasta tique. Dans le 
cancer du sein, la surexpression des messagers du 
VEGF [16, 17], notammcnt I'isoforme 121, es*l corre- 
lee a un mauvais pronostic en analyse univartee, Dans 
le cancer du rein, modele de tumeur hypervasculan- 
sec. la densite en microvaisseaux et l'expression du 
VEGF sont tres elevdes, notamment par rapport aux 
autres tumeurs solides |44, 45], Actuellemerit, i" 
quantification ou la mise en evidence in situ du 
VEGF, dc scs recepteurs ou d'autres facteurs angioge- 
niques par les techniques de biologie molcculaire sont 
trop fastidicuses et trop ondreuses pour etre utilise 65 
dans la pratique m&iicale quotidiennc. Plus que l^ uf 
utilisation pronostique, ce serait un moyen dc scltff" 
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tionner les types de tumeurs dont le profil serait 
appropne a 1'application de therapeuriques unti-aneio- 
gdmques specifiques, 

La validation de ccrtaines proteases dans !e pronos- 
tic des tumeurs a fait I'objet de nombreuscs etudes. La 
cathepsine D est une protease intervenant dans la 
degradation dc la matrice cxtracellutairc. Dans le can- 
cer du sew, la cathepsine D a fait I'objet d'dtudes pro- 
nostiques prospectives. Une absence de correlation 
avec la taille et le grade est gSneralcmcnt rapportse. 
La majonte des Etudes utilisant le dosage immunora- 
diome'trique confirme que des taux Aleves de cathep- 
sine D sont associds a une survie sans metastase et a 
unc survie gtobalc plus courte [46, 47]. Ce facteur 
n'intervient pas actueJIement dans les decisions thera- 
peutiques. 

En conclusion, l - interet en clinique de ces facteurs 
pronostiques est controverse en raison du manque 
d'etudes prospectives et des limitations inhdrentes a la 
quantification et a la standardisation des Etudes immu- 
nohistochimiques. 

L'ANGIOGENESE TUMORALE : 
UNE NOUVELLE CIBLE THERAPEUTIQUE 
ANTICANCEREUSE 

Le dcyeloppement dans la cellule cancereuse de 
mecanismes de resistances aux agents cytotoxiques 
est la principale cause d'echec des chimiotherapies 
(resistances intrinseques ou acquises). La potentia- 
lity des cellules cancereuses a echapper aux traitc- 
ments cytotoxiques re'sultc notamment de leur insta- 
bihte genique (translocation chromosomique, 
amplification genique) qui conduit a la selection de 
sous-population de cellules lumorales refractaires a 
la chimiotherapie. It apparait qu'une strategic thtSra- 
peutique, ciblatit Ics cellules endotheliales {cellules 
normales diploides). pourrait perraettre d' assurer le 
controle de Involution de la maladie. Les therapeu- 
tiques anti-angiogeniques dirigees contrc les cel- 
lules endothe"liales n'induisent en principe pas ou 
peu de resistance [48, 49], 

Une meilleure connaissance des mecanismes regis- 
sant 1'angiogenese tumoralc devrait, a terme, per- 
mcttre d'envisager de nouvelles perspectives thdra- 
peutiques antitumoraies par le blocage de la formation 
des vaisseaux irriguant les tumeurs [50-52], Dc nom- 
breuscs equipes travaillenl actuellement a 1'elabora- 
tion d'agents anti-angioge"niques. Une dizaine 
d agents sont actueilement teste's dans des essais cti- 
niques de phases I a III et beaucoup d'autres sont en 
developpement (tableau I!). L'angiostatine et I'endo- 
statine sont sur une voie de recherche tres promet- 
teuse, mats ces deux inhibiteurs de 1'angiogenese 
n'ont pas, a hotre connaissance, e"te" testes chez 
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Tableau II. Adonis ami-^gio^mquci en cours d'eValuaiion dans 
ICS c.wiis chniques. 



Phase I ef II 
Pentosan pofysulf'atc 

Analogues de la fumagilinc : TNP-470 (ACM -470) 
Platelet factor-4 (PJ-'4) 

Tecogalan (wxine dc sireplucoquis du groupc Bj 
Thalidomide 

Inhibiteurs des metaltoprnieinases 

Balimastat*(BB-94> 

Marirnastat®(BB-25I6) 

NeovastaL® (inhibiteur derive' du cartilage) 
CM 1 0 1 (exotoxinc polysaccharidrque du sueploeoquc) 
Interleukine 1 2(11.-1 2) 
Anticorps neirtralisanl le VEOF 

Inhibiteurs dc I'activitfi tyrosine kinase des recepteurs du VEGF 
Enlerf irons 

Suraminc el analogues 
Vitaxin 

Phase III 

Inhibiteurs des metalloprote'inascs 

Marimastat® (BB-2516) 
Analogues de la fumagiline : TNP-470 (AGM-470'i 



I'homme. Les composed anti-angiogeniques develop- 
pes jusqu'a present visent trois cibles associces aux 
cellules cndotheliales que nous allons considerer suc- 
cessivement. 

Inhibition de la liaison des facteurs angiogeniques 
a leurs recepteurs au niveau des cellules endotMiales 

La voie du VEGF constitue une cible majeure car de 
nombreuses approches consistant a controler le VEGF 
ou ses recepteurs (anticorps anti-VEGF ou antirecep- 
teurs, ARN antisens) ont montrd des effets antitumo- 
raux in vivo, sur des modeles animaux [53-55], Mil- 
lauer et al ont montre, chez la souris athymique, que 
1'infecdon de cellules endotheliales par un retrovirus 
codant le recepteur Fltl mut<S (recepteur dominant 
negatif) 6tait capable de bloquer la signaiisation du 
VEGF et de prevenir auisi la croissance de glioblas- 
tomes [56]. Des antagonistes du VEGF, notamment 
des substances capablcs d'inhiber l'activitf- kinase du 
re"ccpteur Flkl et des anticorps dirig6s contre les 
recepteurs du VEGF et couples a des toxines, sont 
actueilement en d6veloppement. 

Interactions entre les cellules endotheliales 
et la matrice extracellutaire 

Cctte strategie est basee sur les inhibiteurs des me'tal- 
loproulinases et les analogues de I'heparine qui inht- 
bent la fixation des facteurs angiogeniques. Des 
Etudes de phases I, II et III sont en cours [50, 57], Les 
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metalloprot&nases sont impliquees clans la degrada- 
tion de la matrice extracellulaire. Plusieurs inhibiteurs 
de ces proteines sont en developpemenl. Cette strauJ- 
gie repose sur Finhibition de la degradation de la 
matrice extracellulaire pour cmpecher I'invasion ct la 
migration des cellules endotheliales et bloquer ainsi 
I'angiogenese, Le Marimastat® (BB-2516) fait I'objet 
d'essais cliniques dans les cancers du pancreas, du 
poumon, de 1'estomac et de i'ovaire, Le Ne"ovastat®, 
extrait du cartilage de requin, inhibc I'angiogenese 
[57]. Les analogues de t'biparine, tels que la sur- 
amins le tecogalan (derive d'un polysaccharide bacte- 
rien) et le pentosan sont des compdtiteurs de I'hepa- 
rine pour la fixation des facteurs angioggniques 
{bFGF) et empechent les cellules endotheliales de 
rompre la membrane basale et de migrer vers la 
tumeur. La suramine inhibe I'angiogenese par des 
mecanismes multiples, dont la modulation de I'effet 
de ste"roi'des ou de I'expression de molecules d'adhe- 
sion, ainsi que la regulation negative de I'expression 
des rdcepteurs du bFGF. Le pentosan polysulfate a ete 
teste" dans les sarcomes de Kaposi associes au sida en 
phase I, il s'est rdve'le toxique et sans effet antitumoral 
significatif. 

Transmission intracellulaire du signal 
et autres modes d'action 

Le TNP 470 (AGM-1470), analogue synthetique d'un 
angiostatique fongique, la fumagiline, possede une 
activite cytostatiquc dirigde contre les cellules endo- 
theliales. II se fixe de facon covalente sur la methio- 
nine aminopeptida.se et inhibe son activity. C'est un 
inhibiteur specifique de la proliferation des cellules 
endotheliales, de leur migration ct de la formation des 
tubes capillaires [58, 59]. La fumagiline, produit par 
Aspergillus fungus, a 6te identified cons£cutivement a 
I' observation par Pcquipe de Judah Folkman a Boston 
de l'inhibition de la croissance de cultures de cellules 
endothelials contaminces par Aspergillus fungus. Le 
TNP-470 a €ti ties etudie in vitro et in vivo. II inhibe 
le de'vcloppement de metastases dans des modules de 
xfinogreffes humaincs et murines, Plusieurs essais 
sont en cours avec ce compost dans le cancer du pan- 
creas, dont une phase II (traitemcnt adjuvant apres 
resection chirurgicale) et unc phase III (TNP 470 ver- 
sus association radio-chirniothe~rapie pour les tumeurs 
localement avancees). 

L' interferon alpha- 2a a ete un des premiers agents 
identifies pour cxercer une activite anti-angiogenique, 
en faisant rdgresser les hdmangiomes dc 1'enfant en 
inhibant la production du FGF {60, 61]. De m£me, la 
thalidomide, hypnotique utilise dans les annees 50 et 
responsable d ? embryopathies, possfcde unc activite 
anti-angiogenique, par antagonisme avec ie TNF-a. 



Des etudes cliniques administrant la thalidomide per 
os chez des patients porteurs de divers carcinomes. 
sont en cours. 

II a ete montre que les anticorps anti-integrities av/?3 
et cevpS provoquent I'apoptose selective des cellules 
endotheliales activees, car ces integrines sont expri- 
mees specifiqucment par les cellules epitheliales cn 
proliferation [62]. Le vitaxin (anti-integrine avj33) fait 
I'objet d'essais de phase 1. D' autres approches consiste- 
raient a vectoriser des adenovirus recombinants pour un 
gene suicide, la thyrnidylate kinase de 1'Herpes simplex 
virus, dont lc gene serait place sous le controle d'un 
promoteur specifiquement active dans la cellule endo- 
thelials Ce vecteur penmettrait done d'induire seiecti- 
vcment la mort cellulaire dans Ic compartiment endo- 
thelial mobilise par la neoangiogenese tumorale, en 
mettant a profit le fait que ce compartiment se caractd- 
rise par la surexpression ou par 1'induction de recep- 
teurs angiogeniques peu representes ou absents dans les 
cellules endotheliales normalcs. Un deuxieme niveau 
de protection serait assure par le fait que la cellule 
endothelial noraiale ne se divise pas, contraircment au 
systSme mobilise pendant I'angiogenese tumorale. En 
effet, le ganciclovir, administre sous forme de pro- 
drogue, serait done converti en son metabolite ganci- 
clovir-triphosphate et exercerait ainsi son effet cyto- 
toxique, seiectivetnent dans les cellules endotheliales 
en division qui se diligent vers la tumeur. 

L'angiostatine et l'endostatine 

La decouverte de deux molecules anti-angiogeniques, 
l'angiostatine et l'endostatine, par l'equipe de Judah 
Folkman, ouvre de nouvelles perspectives therapeu- 
tiques. Actuellement, la plupart des medicaments anti- 
angiogeniques en cours de d'experimentation chez 
l'homme inhibent la proliferation et le developpement 
de nouveaux vaisscaux, mais ils sont peu actifs sur 
des vaisseaux deja etablis. Les inhibiteurs des r^cep- 
teurs du VEGF ou Ics inhibiteurs des metalloprotei- 
nases provoquent chez I'aiiimal un ralentissement de 
la croissance tumorale sans regression tumorale. 

L'angiostatine, proteinc de 38 kDa, fragment du 
plasminogene. est un inhibiteur specifique de la proli- 
feration des cellules endotheliales. Ce peptide est pre- 
sent dans le serum de souris athymiques quand la 
tumeur primitive xenogreffee est en place (carcinomes 
pulmonaires de Lewis). L'angiostatine n'est plus 
detectable dans la circulation 5 jours apres l'exeic.se 
de la tumeur primitive. Les metastases «a I'dtat de 
dormance», qui etaient incapables d'induire I'angio- 
genese en presence de la tumeur primitive, deviennent 
subitement neovascularisecs et entreprennent une 
croissance rapide apres cx6rese de la tumeur primitive 
[63 1. Un tel mecanismc permettrait de rendre compte 
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des observations cliniques dc poussees evolutives sur 
un mode m&astatique consecutivemem a 1'exerese de 
la tumeur primitive. De plus, l'administration d'angio- 
statine a des souris porteuses de tumeurs humaincs 
maintient ces tumeurs dans un dial latent. L'effet prin- 
cipal dc I'inhibition de l'angiogenese sur la croissance 
des tumeurs scrait lie a une augmentation de I' inci- 
dence de I'apoptose des cellules tumorales [63]. 

L'endostatine a initialement 6t6 identifiee dans le 
milieu conditionne" d'un hemangioendothe'liome murwi, 
pour sa capacity a inhiber la proliferation des cellules 
endotheliales cn culture primaire [64]. C'est un frag- 
ment C terminal (20 IcDa) du collagene XV11I, qui est 
lui-meme un composant de la matrice extracellulaire. 
L'endostatine inhibe la croissance et permet la regres- 
sion de differents modeles tumoraux (carcinomes pul- 
monaires de Lewis, fibrosarcome T241, meianomes 
B16 et F10 et hemangioendotheiiome EOMA) implan- 
t6s chez la souris athymique [64]. Dans ces modeles, 
5 a 14 jours apres 1' arret du traitement par l'endosta- 
tine, on assiste a une reprise de la croissance tumorale. 
Cependanl, unc serie de deux a six cycles de traitement 
permet une regression des tumeurs sans ddveloppement 
de resistance et sans progression a I' arret du traitement, 
Les tumeurs restent «dormantes » pour une duree supd- 
rieure a 3 mois [49 1. La plupart des cellules d'une 
tumeur traitee par l'endostatine meurent par un pheno- 
mene d'apoptose et ou de necrose induite par Thypoxie 
ct le manque d'apport cn facteurs de survie (49, 64J. 
■ L'endostatine, apres administration, se depose au 
niveau de la matrice extracellulaire, el les reinjections 
successives augmentent progressivement et durable- 
mem sa concentration dans la matrice, permettant I'in- 
hibition de 1'angiogenese [65, 661. 

L'angiostatine ct l'endostatine sont moins suscep- 
tiblcs d'induire des resistances que les inhibiteurs 
: ciblant les medialeurs de l'angiogenese derives ou 
secretes par les cellules tumorales. qui peuvent induire 
une angiogenese en sdcrctant d'autres facteurs de 
croissance [48]. Ces resultats ont fait I'objet de nom- 
breux commenlaires et d'articles dans la presse, ayant 
donne des espoirs a de nombreux patients atteints de 
cancer. A notre connaissance, Tangiostatine et l'endo- 
statine ne sont pas disponibles actuellement pour une 
experimentation chez l'homme. Bien que la decou- 
verte de ces deux inhibiteurs ouvrent de nouvclles 
perspectives, une certauie prudence s'impose car les 
experiences menecs chez la souris ne sont, en aucun 
cas, une garantie dc succes chez 1'hommc. 

DISCUSSION 

Les produits anti-angiogeniques sont peu susceptibles 
d'eradiquer les tumeurs ou d'induire [eur regression, 
. mais ils peuvent inhiber ou ralentir la croissance 



tumorale et maintenir les micrometastases a I'dtat de 
donnance. Ainsi, dans les Etudes cliniques a venir. la 
diminution dc la masse- tumorale ne sera probablement 
pas le bon critere devaluation. L'angiogenese 
demeure un phenomene relativcment restraint chez 
I'adulte sain (cicatrisation, cycle menstruel) et son 
inhibition selective ne devrait pas entramer d'effel 
secondaire majeur. 

Les etudes chez 1'animal montrent que les combi- 
naisons entre plusieurs produits anti-angiogeniques 
sont plus efficaces qu'une monothCrapie. De plus, la 
combinaison d' agents anti-angiogeniques et de pro- 
duits cytotoxiques classiques augmente I'activite de 
ces demiers [59]. I..es nouveaux agents anti-angioge- 
niques devront probablement etre utilises en combi- 
naison avec des cytotoxiques mais dgalement en 
monothe'rapie pendant de tres longues durecs afin 
d'inhiber la croissance tumorale. Les agents anti- 
angiogeniques ont montrd une efficacite plus marquee 
sur les petites tumeurs, rendant letir administration 
possible en traitement adjuvant pour maintenir les 
metastases dans un etat de dormance. 

Certains medicaments anti-angiogeniques sont dis- 
ponibles pour des essais therapeutiques. Afin d'orien- 
ter les essais therapeutiques utilisant des inhibiteurs de 
l'angiogenese, les recherches futures devront identi- 
fier des marqueurs specifiques susceptibles d'etre la 
cible d'agents therapeutiques ou constituer des fac- 
teurs pronostiqucs d'efficacite de ces nouvelles thera- 
peutiques. Ainsi, determiner dans les tissus, dans le 
sang ou dans les urines, le niveau de production des 
facteurs angioge"niques pourrait permettre d' identifier 
les mecanismcs predominant^ de i'activation de l'an- 
giogenese pour chaque type de tumeur consider^, ce 
qui permettrait de constituer des critcres objectifs 
d" indication de ces nouvelles therapeutiques. 

CONCLUSION 

La recherche sur l'angiogenese tumorale iliustre bien 
le lien e"troit existant entre I'analyse cognitive des 
m^canismes gene"tiques, moieculaires et cellulaires 
pre"sidant a la croissance des tumeurs et a la definition 
dc nouvelles hypotheses conduisant a de nouvelles 
alternatives therapeutiques. Des etudes de phase I a IH 
sont en cours afin d'evaluer la tolerance et V efficacite 
antitumorale d'inhibitcurs de l'angiogenese. Ces 
medicaments sont le plus souvent des cytostatiques 
non cytotoxiques. De nouvelles methodologies deva- 
luation sont necessaires pour evaluer et optimiser leur 
action antitumorale. Des synergies sont possibles, cn 
ciblant simultanement 1'endotheUum et la cellule can- 
cereuse, ouvrant ainsi des perspectives d'associations 
entre les agents cytotoxiques ct les agents susceptibles 
d'eradiquer le compartiment endothelial des tumeurs 
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solides. L*angiostatine et 1'ondostatine sont deux inhi- 
biteurs de I'angiogenese tres promctteurs, dont l'exp£- 
rimentation n'a pas encore commerce chez I'homme. 
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► Abstract 

Background The procoagulant effect of anionic phospholipid may play a major role in 
the development of arterial thrombosis. 

Methods and Results Annexin V, a calcium-dependent anionic-phospholipid-binding 
protein, was expressed and isolated from Escherichia coli and its antithrombotic effect 
examined in a rabbit carotid artery thrombosis model. A partially occlusive thrombus was formed in the 
left carotid artery by application of electric current to produce an ft#50% occlusion of the lumen. After 
the current was discontinued, flow ceased completely within 42±12 minutes (n-6) because of continuing 
platelet/fibrin thrombus formation. When annexin V was given at doses of 2.8 to 16.6 ug • kg"' • min" 1 
for a period of 1 80 minutes, starting at the time the current was stopped, there was a dose-dependent 
inhibition of thrombus formation. At a dose of 5.6 ug kg' 1 • min" 1 , blood flow remained patent 
throughout the infusion and for an additional 60 minutes after the infusion was stopped. In addition, 
there was a decrease in thrombus weight (16±7.4 versus 2.0±1.0 g), l25 I-fibrin deposition (r*45% 
reduction, /*<.00 1 and 1 "in-labeled platelet accumulation (s*43% reduction, P<.001). Prior mixing of 
annexin V with phosphatidylserine micelles abolished the antithrombotic effect of annexin V, whereas 
mixing with phosphatidylcholine micelles had no effect. The antithrombotic effect of annexin V was not 
associated with bleeding tendency, as judged by the amount of blood absorbed in a gauze pad placed in a 
surgical incision extending to the muscle tissue and by the standard template bleeding time. 

Conclusions These observations support a potentially important role for anionic phospholipid exposure 
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in platelets in arterial thrombosis, and inhibition of this activity could be a novel target for therapy in 
coronary thrombosis and stroke and after angioplasty. 

Key Words: annexins • thrombosis • phospholipids • hemodynamics 

► Introduction 



Thrombosis of arteries plays a key role in the pathogenesis of a variety of ischemic 
syndromes, including unstable angina, myocardial infarction, and stroke. Arterial 
thrombus formation usually involves elements of vessel wall damage and platelet 
activation and aggregation. In addition to forming occlusive aggregates, activated 
platelets provide a highly efficient catalytic surface for the activation of prothrombin 
and factor X. The precise components of these catalytic surfaces are not fully elucidated, but anionic 
phospholipid constitutes a major component for binding sites for proteases and cofactors. ' - In platelets 
and in most other cells examined, anionic phospholipids are present only in the inner leaflet of the lipid 
bilayer membrane. 3 After the activation of platelets by certain agonists, anionic phospholipids move 
from the inner to the outer leaflet of the lipid bilayer; this rearrangement of membrane phospholipid is 
thought to be a major mechanism responsible for platelet procoagulant activity. 4 • 6 In addition, cultured 
endothelial cells have also been shown to provide a phospholipid-dependent procoagulant surface in 

7 8 

vitro. Furthermore, cells undergoing apoptosis have been shown to expose anionic phospholipid on 
their surfaces. 9 Thus, the exposure at the sites of vascular injury of anionic phospholipids from activated 
platelets and other cells may play a major role in the initiation, growth, and extension of the thrombus 
and may provide a novel target for antithrombotic therapy. 

The annexins are a family of calcium-dependent anionic-phospholipid-binding proteins. 10 A member of 
this family, annexin V, was originally isolated from placenta, characterized as placental anticoagulant 

I I \ 1 

protein !, and sequenced. The same protein was also isolated and sequenced under different 
names. 13 14 Annexin V binds anionic phospholipids with a very high affinity in a calcium-dependent 
manner. 15 We have shown previously that annexin V binds to anionic phospholipid on platelets and 
blocks the binding of factors Xa and Va to platelets. 16 1 ' In addition, annexin V has been shown to be an 
effective inhibitor of thrombus formation in a venous thrombus model and in vitro perfusion models. 18 
19 -° In the present study, we examined the potential role of annexin V as an inhibitor of arterial 
thrombosis in a carotid artery injury model developed in our laboratory. Our results indicate that 
intravenous infusion of annexin V can significantly inhibit thrombosis in this model without impairing 
the hemostatic response, even at doses that are three times greater than that required to inhibit thrombus 
formation. 

► Methods 

Preparation of Human Recombinant Annexin V 
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The polymerase chain reaction was used to amplify the cDNA from the initiator 
methionine to the stop codon with specific oligonucleotide primers from a human 
placental cDNA library (Clontec). The forward primer was 

5'ACCTGAGTAGTCGCCATGGCACAGGTTCTC-3' and the reverse primer was 5'- 
CCCGAATTCACGTTAGTCATCTTCTCCACAGAGCAG-3'. The amplified 1.1-kb 
fragment was digested with Nco I and EcoRl and ligated into the prokaryotic expression vector pTRC 
99A (Pharmacia Biotechnology Inc). The ligation product was used to transform competent Escherichia 
cod strain JM 1 05 and sequenced. The sequence of the amplified segment was identical to that published 
by Funakoshi et al. 1 " 

Recombinant annexin V was isolated from the bacterial lysates as described by Berger et al 21 with some 
modification. An overnight culture of E, coli JM 105 transformed with pTRC 99A-annexin V was 
expanded 50-foid in fresh Luria-Bertani medium containing 100 mg/L ampicillin. After 2 hours, 
isopropyl fl-D-thiogalactopyranoside was added to a final concentration of 1 mmol/L. After 16 hours of 
induction, the bacteria were pelleted at 3500g for 15 minutes at 4°C. The bacterial pellet was suspended 
in TBS, pH 7.5, containing 1 mmol/L PMSF, 5 mmol/L EDTA, and 6 mol/L urea. The bacterial 
suspension was sonicated with an ultrasonic probe (model W185, Heat System-Ultrasonic, Inc) at a 
setting of 6 on ice for 3 minutes. The lysate was centrifuged at 10 OOOg for 15 minutes, and the 
supernatant was dialyzed twice against 50 vol TBS containing 1 mmol/L EDTA and once against 50 vol 
TBS. . 

Multilamellar liposomes were prepared according to the method of Kinsky. 22 PS (Sigma Chemical Co), 
lyophilized bovine brain extract, cholesterol, and diacetylphosphate were dissolved in chloroform in a 
molar ratio of 1 0: 1 5: 1 and dried in a stream of nitrogen in a conical flask. TBS (5 mL) was added to the 
flask and agitated vigorously in a vortex mixer for 1 minute. The liposomes were washed by 
centrifugation at 3500g for 1 5 minutes, then incubated with the bacterial extract, and calcium chloride 
was added to a final concentration of 5 mmol/L. After 15 minutes of incubation at 37°C, the liposomes 
were sedimented by centrifugation at 1 0 OOOg for 10 minutes, and the bound annexin V was eluted with 
1 0 mmol/L EDTA. The eluted annexin V was concentrated by Amicon ultrafiltration and loaded onto a 
Sephacryl S 200 column (5x90 cm). The annexin V was recovered in the included volume, whereas most 
of the liposomes were in the void volume. Fractions containing annexin V were pooled and dialyzed in 
10 mmol/L Tris and 2 mmol/L EDTA, pH 8.1. loaded onto an anion exchange column (Resource Q. 
Pharmacia Biotechnology Inc), and eluted with a linear gradient of 0 to 200 mmol/L NaCl in the same 
buffer. The purified preparation showed a single band in SDS-PAGE under reducing conditions (Fig 1 
B). For rabbit experiments, the annexin V was dialyzed against HBS (10 mmol/L HEPES, 0. 1 5 mol/L 
NaCl, pH 7.4) and sterile filtered with 0.2-um filters. 

Figure 1. SDS-PAGE of annexin V, Lane 1, 5 uL bacterial lysate; 
lane 2, 5 uL liposome-purified annexin V; lane 3, fast protein liquid 
chromatography-purified annexin V (5 ug); and lane 4, molecular 
weight standards. Samples were electrophoresed under reducing 
condition in 12% gels and stained with Coomassie brilliant blue R. 
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Unilamellar micelles of PS were prepared as described before. - - 1 Purified phospholipids were obtained 
from Avanti Polar Phospholipids, Inc. These micelles contained 20 mol% 
diheptanoylphosphatidylcholine and 80% dioleylphosphatidylserine (PS micelles) or 
dipalmitoylphosphatidylcholine (PC micelles). Equal volumes of annexin V (1 mg/mL) and 
phospholipid micelles (0.5 mg/mL) were mixed immediately before administration to the animals. For 
radiolabeled studies, annexin V was labeled with [ t25 I]NaI by the Iodo-Gen method to a specific activity 
of w350 cpm/ng as described previously. 

Rabbit Model of Carotid Artery Thrombosis 

Carotid artery thrombosis was induced with electric current as described previously." 5 26 27 28 Male 
New Zealand White rabbits weighing 3.2 to 3.6 kg were anesthetized with ketamine (15 mg/kg) and 
xylazine { 1 5 mg/kg). The right femoral artery was cannulated for recording of arterial blood pressure 
with a microtransducer (Electromedics). The right marginal ear vein was cannulated for administration 
of fluids and drugs. The right femoral vein was cannulated for drawing blood samples. The left common 
carotid artery was exposed by a median longitudinal incision in the neck, and a 2.5-mm Doppler flow 
probe was placed on the carotid artery without constricting the vessel. Proximal to the Doppler flow 
probe, a 4-mm-long, 23-gauge stainless steel needle electrode was inserted into the lumen of the carotid 
artery with minimal trauma. This electrode was positioned within the lumen parallel to the vessel wall. 
The bleeding was arrested by a piece of gel foam (Upjohn), and the needle was stabilized by a "surround 
collar" sutured around the vessel, which did not narrow the artery. After instrumentation, a 30-minute 
control period was allowed. During this time, blood pressure, heart rate, mean and phasic carotid artery 
blood flow, and ECG were continuously monitored. After this control periou, thrombus formation was 
initiated by 150 uA of anodal current applied to the needle electrode until a 50% increase in flow 
velocity was recorded by the Doppler flow probe. This corresponds to an tm50% decrease in cross- 
sectional area due to thrombus formation in the lumen." 5 To assess the degree and the variability of 
carotid occlusion at this point, a separate group of 16 rabjits were similarly instrumented, and current 
was applied until the carotid artery flow velocity increased by 50%. At this time, current was stopped 
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and the carotid artery pressure was fixed at arterial pressure by buffered glutaraldehyde infused through 
a perfusion catheter that was placed in the left common carotid artery proximal to the site of thrombus 
formation. After fixation, the vessel was paraffin-embedded and sectioned at 0.5-mm intervals. Twelve 
sections were made from each vessel, starting at the site of needle insertion and moving distally. After 
the sections were stained, planimetry was used to calculate the mean.percentage of vessel occlusion by 
thrombus from the section that was most narrowed by thrombus in each vessel. 

In initial studies, 4 rabbits were infused with annexin V (5.6 ug ■ kg -1 • min -1 IV) for 180 minutes 
without thrombus formation to determine whether annexin V had any inherent hemodynamic effects. 
After it was determined that annexin V did not any have direct effects, thrombus formation studies were 
done. At the time of 50% increase in flow velocity (w50% occlusion of the vessel), the current was 
discontinued and rabbits were randomly allocated into 1 of 11 different treatment groups (see the Table 
®) as follows: group 1, excipient (HBS), n=6; group 2, annexin V 2.8 ug • kg" ! ■ mm 1 for 1 80 minutes, 
n=6; group 3, annexin V 4.2 ug • kg" 1 ■ min" 1 for 180 minutes, n=6; group 4, annexin V 5.6 fig • kg' 1 ■ ' 
mm for 180 minutes, n=6; group 5, a mixture of annexin V and PS micelles (5.6 ug • kg -1 ■ min" 1 of 
annexin V+2.8 ug • kg"' • min' 1 PS micelle) for 180 minutes, n=7; group 6, PS micelles 2.8 ug • kg" 1 ■ 
min* for 180 minutes, n=7; group 7, a mixture of annexin V and PC micelles (5.6 ug • kg' 1 • min" 1 of 
annexin V+2.8 ug • kg 1 • min 1 PC micelle) for 180 minutes, n=6; group 8, PC micelles 2.8 ug • kg" 1 • 
min' 1 for 180 minutes, n=4; group 9, heparin 35 U/kg as an IV bolus followed by 0.5 U ■ kg' 1 • min' 1 for 
180 minutes, n=6; group 10, heparin 35 U/kg as an IV bolus followed by 0.25 U • kg -1 • min' 1 for 180 
minutes, n=5; and group 11, monoclonal antibody against rabbit platelet Ilb/IIIa receptor (0.5 mg/kg IV; 
AZ-1; gift from Michael Ezekowitz, MD. Yale University Medical School, New Haven, Conn), n=7. 
Where indicated, animals also received 125 [-fibrinogen (3 uCi in 1 mL of saline IV) at the time the 
current was stopped or 1 1 1 In-labeled platelets as described below. Fibrinogen was purified and 
radioiodinated as described previously to a specific radioactivity of 130 uCi/mg. 24 29 



View this table: Table 1. Effect of Annexin V, Mixture of Annexin V and Phospholipid 
[in this window] Micelles. Heparin, and Monoclonal Antibody to Platelet Ilb/IIIa Receptor 
[in a new window] Vessel Occlusion in the Electric Current-Induced Carotid Injury Model 



In-Labeling of Platelets 

Before instrumentation of the animals, blood was collected to label platelets with 1 1 'ln-8- 
hydroxyquinoline (oxine) as described previously. 28 29 30 Blood (21 mL) was collected into 4 mL of 
acid citrate dextrose and prostacyclin (10 ug/25 mL of blood), mixed, and centrifuged at \25g for 20 
minutes at room temperature. The platelet-rich plasma was centrifuged at 1 lOOg for 5 minutes and the 
platelet-poor plasma removed. The platelet pellet was suspended in 300 uL of platelet-poor plasma for 
labeling. [' 1 'inJInCL (Amersham Corp) was prepared in 0.3 mol/L acetate buffer, pH 5.3, to which 50 
uL of oxine in ethanol (1 mg/mL) was added. After 15 minutes, the reaction mixture was extracted twice 
with 2 mL of methylene chloride and dried, and the residue was dissolved in 30 uL of absolute ethanol. 
Approximately 80% to 95% of the original radioactivity was recovered. 1 1 1 In-oxine (250 to 300 uCi) 
was then added to platelet suspensions for 30 minutes at 37°C. the mixture was centrifuged at 1 lOOg for 
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5 minutes to remove the supernatant plasma, and the platelet pellet was resuspended in t mL of 
autologous plasma. The labeling efficiency was in the range of 50% to 80%. The in vivo viability of 
labeled platelets was determined by calculating the percentage of administered radioactivity bound to 
circulating platelets at different time intervals. At 2. 5, 10. 30. 60, and 120 minutes after the 
administration of 1 1 1 In-labeled platelets, a 1-mL blood sample was collected, platelets were isolated as 
described above, and radioactivity was counted in both the platelet pellet and platelet-poor plasma. The 
percentage recovery of the radiolabel. calculated as described before. 29 was found to be 80% to 90% in 
the platelet pellet. 

Determination of the Accumulation of 125 I-Fibrinogen/Fibrin and m In-Labelcd Platelets 

Deposition of l25 I-fibrinogen/fibrin into carotid vessel segments was quantified as previously 
described. 26 27 28 In animals infused with 125 I- fibrinogen, either at the time of vessel occlusion or 60 
minutes after the infusion was stopped, the left and the right carotid arteries were carefully removed and 
freed of all the surrounding fibrous tissue (carotid sheath). Then the left carotid artery was weighed and 
divided into three 2-cm segments: just proximal to the needle electrode insertion site into the vessel 
lumen; the site of thrombus formation, which corresponded to the position of the needle; and distal to 
the thrombus. Each segment was weighed, radioactivity was determined, and the counts were 
normalized according to the weight of the segment. Then the right carotid artery was weighed and, if 
necessary, trimmed so that its weight was the same as that of the left carotid artery, and radioactivity was 
determined. Accumulated radioactivity in the left carotid artery segments was expressed as a ratio of that 
measured from the uninstrumented right carotid artery. 

Radiolabeled platelets were reinjected into the rabbits when the current was discontinued. At the end of 
the study (60 minutes after total occlusion or when the vessel remained patent for 60 minutes after the 
infusion of drugs was stopped), the carotid artery was removed and the f ' 'in-labeled platelet 
accumulation ratio was determined as described for the ,25 I-labeled fibrinogen/fibrin accumulation ratio. 

Rabbit Bleeding Assays 

We evaluated the homeostatic parameters by two different methods. Template bleeding times were 
measured with the Simplate device (Organon Teknika). Uniform incisions 10 mm long and 1 mm deep 
were made on the ventral surface of the rabbit's ear in such a way as to avoid the superficial veins. Blood 
was blotted with filter paper (Whatman No. 4) every 30 seconds, avoiding the incision. Bleeding time 
was defined as the interval between the time of incision until blood did not stain the paper. 

The incisional bleeding assay was a modification of previously published methods. 19 20 A surgical 
incision 4 cm long and 1 cm deep was made in the anterior abdominal wall, which incised the first layer 
of the anterior abdominal wall muscles. A preweighed gauze pad was placed in the incision for 5 
minutes, and the amount of blood absorbed into the gauze was weighed. Both of the bleeding assays 
were performed before administration of annexin V or heparin (baseline) and then 15, 60, 180, and 300 
minutes after administration of the test samples. 

Tissue and Plasma Concentrations of Annexin V 

To examine the tissue distribution and in vivo clearance of annexin V, l25 Mabeled annexin V (1.5 uCi. 
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specific activity ^350 cpm/ng) was given intravenously to rabbits after the current was stopped, and 1- 
mL venous blood samples were collected at various times (0 to 120 minutes) (n=3). At the end of the 
study, the animals were killed by exsanguination under anesthesia, and the amount of radioactivity was 
counted in liver, spleen, right kidney, left kidney, brain, left ventricle (heart), aorta, left lung, right lung, 
normal proximal uninvolved segment of the left common carotid artery , the thrombosed segment of the 
same vessel, and the carotid artery thrombus. The radioactivity was expressed as cpm/mg wet tissue wt. 

Assessment of Coagulation and Bleeding Parameters With Annexin V Infusion 

To determine the potential of annexin V to induce coagulation and bleeding abnormalities, four 
incremental doses of annexin V (2.8, 4,2, 8.3, and 16.7 ug kg' 1 • mhf 1 IV) were given by continuous 
infusion for 60 minutes (n=4; each animal received all four doses in ascending order over a 4-hour 
period), and aPTT, bleeding time, and incisional bleeding were assessed at the end of each dose before 
the next higher dose was begun. 

Statistical Analysts 

Data were analyzed by one-way ANOVA. In each figure, in the text, and in the Tables, mean 
values±SD are shown. 

► Results 

Hemodynamic Effects of Annexin V 

Intravenous infusion of annexin V into the instrumented rabbit model, without the 
presence of thrombosis, for 180 minutes (5.6 ug • kg"' • min* 1 ) (n=4) did not alter the 
blood pressure (pretreatment, 1 12±1 1 mm Hg versus 3 hours after infusion, 106±9 mm 
Hg), heart rate (pretreatment, 94±12 bpm versus 3 hours after infusion, 98±t4 bpm), or 
carotid artery blood flow (pretreatment, 18.4±4.9 mL/min versus 3 hours after infusion, 19.2±3.8 
mL/min). Thus, annexin V was devoid of any inherent hemodynamic effects detectable by these 
methods. 

Time to Coronary Occlusion 

Application of current to the left carotid artery for 47±21 minutes increased the flow velocity by ?«50%, 
as observed previously. 28 In the separate group of 16 animals, the examination of the carotid artery at 
this time point showed a partially occlusive thrombus that occupied 48.6±4% of the vessel lumen. The 
scanning electron microscopic appearance of the partially occlusive thrombus is shown in Fig 2 As, 
which demonstrates a predominantly platelet-covered surface for the formed thrombus and underlying 
fibrin scaffolding.- - When the thrombus was removed, the underlying area of the carotid artery 
closest to the electrode showed endothelial removal and exposure of the subendothelial matrix (Fig 2B 
a). When the current is discontinued at s*50% occlusion, there is progressive thrombus growth with 
complete occlusion of blood flow within 42±12 minutes (Figs 3SL top, and 4A and Tables). 

Figure 2. Top, Representative scanning electron micrograph of a thrombus 
from totally occluded artery. Lower arrow indicates platelet aggregates; 
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upper arrow indicates a red cell for comparison. Bottom, Representative 
scanning electron micrograph of artery at site of thrombus formation. 
Thrombus has been removed to show area of subendothelial exposure 
(lower arrow) and damaged endothelium adjoining area (upper arrow). 
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Figure 3. Effect of annexin V infusion on carotid thrombosis in a 
rabbit model. Top, Control: baseline measurement of aortic pressure 
and phasic and mean carotid arterial blood flow; current off. Current 
application was stopped when a 50% increase in phasic and mean 
carotid blood flow velocities (corresponding to ?s50% decrease in 
cross-sectional luminal area) occurred. At this time, HBS was given. 
Occlusion by thrombus: 43 minutes after saline was given, there was 
total occlusion of blood flow. Bottom, Control and current 
off/annexin V depict same variables in an animal infused with 
annexin V 5.6 ug. Annexin V was given intravenously when current 
was stopped. Vessel did not occlude throughout study, and phasic 
wave form was preserved (similar to control). 



When annexin V (5.6 ug kg" 1 • min" 1 ) was given, starting at the time when current was discontinued, 
blood flow remained unchanged throughout the infusion and then for an additional 60 minutes after the 
infusion was stopped (total duration of maintenance of blood flow, >240 minutes) (Figs 3e, bottom, and 
4A and Tables). Note that the phasic carotid artery blood flow has a normal systolic and diastolic phasic 
blood flow profile at the end of 240 minutes (Fig 3 BE). Because in the presence of severe narrowing 
(high-grade stenosis) the phasic flow pattern is gradually lost (flow is predominantly during systole), the 
preservation of the normal carotid flow pattern by annexin V indicates that there was no further 
narrowing of the vessel by ongoing thrombus formation. This observation is further supported by the 
fact that examination of the vessels from animals infused with annexin V revealed only small, 
nonocclusive thrombi containing fibrin and platelets compared with occlusive thrombi of the same 
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apparent histological composition in control animals infused with HBS (Fig 4BH). Hemodynamic 
variables (arterial blood pressure, heart rate, and phasic and mean carotid blood flow) were not affected 
by the infusion of annexin V. 



Figure 4. Effect of infusion of HBS buffer (control), mixture of 
annexin V and PS micelles, PS micelles alone, different doses of 
annexin V, and heparin on thrombus formation in rabbit carotid 
thrombosis model. A, Duration of patency of vessel (time required 
for occlusion of vessel after current was stopped). B, Weight of 
residual thrombus in carotid artery at end of experiment. There is a 
dose-dependent effect of annexin V on vessel patency, with a 
reduction in thrombus weight. A similar effect was observed with 
high dose of heparin. *P<.05, **/><001 vs control (HBS buffer) 
group. 
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Annexin V inhibited thrombus formation in a dose-dependent manner, being effective in all animals 
receiving 5.6 ug • kg" 1 • min" 1 but ineffective at a dose of 2.8 \xg- kg" 1 • min" 1 (Fig 4AS and Tables). 
When animals were anticoagulated with heparin (35 U/kg as an IV bolus followed by 0.5 U • kg' 1 - min" 
'), the left carotid artery also remained patent (5 of 6 animals), although lower levels of heparin (35 U/kg 
as an IV bolus followed by 0.25 U • kg"' • min" 1 ) did not prevent carotid occlusion (Fig 4 AH and Table 
a). Similarly, the administration of monoclonal antibody to rabbit Ilb/IHa receptor (0.5 mg/kg IV) 
prevented carotid artery thrombosis (5 of 7 animals) (Tables). However, there was a significant 
reduction in platelet counts after the administration of the antibody (before, 264±32xl0 5 /mm 3 versus 4 
hours after, 92±18xl0 5 /mm 3 , /><.001; 4 hours after without antibody, 214±46xl0 5 /mm 3 , P=NS). After 
the administration of monoclonal antibody to Ilb/IIIa, there was no significant increase in bleeding for 
the first I to 2 hours. After 3 to 4 hours, however, a marked increase in bleeding at incisional sites, as 
well as significant blood loss by the incisional method, was observed (data not shown). Lower doses of 
the monoclonal antibody were ineffective in preventing carotid artery thrombosis. 

We investigated the effect of PS micelles on the antithrombotic activity of annexin V. When annexin V 
at a dose equivalent to 5.6 ug • kg' 1 ■ min" 1 for 1 80 minutes was mixed with PS micelle at a dose 
equivalent to 2.8 ug • kg" 1 ■ min" 1 for 1 80 minutes and then infused, the effect of annexin V was 
markedly diminished (Fig 4 AH and TableH). Infusion of the same dose of PS or PC micelles (2 8 ug ■ 
kg" 1 ■ min for 180 minutes) had no significant effect compared with animals receiving HBS (Fig 4 AS 
and TableH). 

Radiolabeled Fibrinogen Accumulation in Thrombus 
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Because annexin V would be expected to interfere primarily with the platelet procoagulant mechanism 
ultimately leading to the generation of fibrin, it was important to assess its effect on the deposition of 
radiolabeled fibrinogen/fibrin in the thrombosed carotid segment (Fig 5 AS). Animals were infused with 
l25 I-fibrinogen at the time the current was stopped, and 125 l-fibrinogen/fibrin accumulation was 
measured. The accumulated fibrinogen/fibrin was expressed as the ratio of radioactivity in the segment 
from the instrumented artery to that of the radioactivity in the corresponding segment of the contralateral 
nonmanipulated artery. In the presence of annexin V, l25 I- fibrinogen/fibrin accumulation ratios 
decreased in the thrombosed segments by a47% (from 42±4.2 [untreated] to 22. ! ±4.7 [treated], /><.001), 
whereas there was no difference in the segment proximal or distal to the lesion. 



Figure 5. Effect of annexin V infusion on deposition of I- 
fibrinogen/fibrin in common carotid artery (A) and on accumulation 

of 1 1 'in-labeled platelets in same vessel (B). A, After discontinuation 
of electrical stimulation of left common carotid artery, when a 50% 

increase in blood flow velocity was observed, 1-fibrinogen (3 uCi) 
was infused with (n=6, hatched bar) or without (n=6, solid bar) 
annexin V (4.2 ug kg* 1 ■ min"'). Animals infused with 125 I- 
fibrinogen alone were killed at time of total occlusion, and segments 
of both common carotid arteries were removed. Animals that also 
received annexin V did not have occluded left common carotid 
artery, and same vessel segments were obtained by killing this group 

at 240 minutes. 125 I-fibrinogen/fibrin accumulation ratios were then 
determined in proximal (Prox.), thrombosed (site of needle electrode 
insertion), and distal portions of left common carotid artery as 
described in "Methods." B, Experiment was performed as in A, 

except that 1 1 'in-labeled platelets were infused instead of '~^I- 
fibrinogen. A and B, Values are mean±SD. **P<.02 vs controls. 

Platelet Accumulation in Thrombus 

Because platelets are an important component of the thrombus in the electrically induced carotid 
thrombosis mode! and thrombin- induced platelet aggregation is thought to contribute significantly to this 
process, it was important to determine the effect of annexin V on platelet contribution to intravascular 
clotting in this setting (Fig 5Ba). To compare platelet deposition in the thrombosed, proximal, and distal 
segments of the left carotid artery, a platelet accumulation index using 1 1 ' In-labeled platelets was used. 
The counts in the left and right carotid segments were compared as for labeled fibrinogen. In animals 
treated with annexin V, the platelet deposition indices decreased by (*A2% (from 76.1 ±6.9 [untreated] to 
44.0±9.7 [treated], P<.00\) in the thrombosed segment of the carotid artery. There were no significant 
changes in the platelet deposition indexes observed in the proximal or distal carotid artery segments. 
These data suggest that annexin V also caused a significant decrease in platelet deposition into the 
thrombus. To verify the viability of labeled platelets, we determined the ! 1 'in counts in blood as a 
function of time after injection of labeled platelets into the rabbits. Two minutes after injection, 95% of 
the injected counts were present; at 5 minutes. 78%; at 1 0 minutes, 64%; and at 30 minutes, 62%. No 
significant decrease in 1 1 1 In activity was noted after 30 minutes (80% to 90% of this circulating 
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radioactivity was associated with the platelets). This strongly suggests that the damaged platelets are 
rapidly removed by spleen or other reticular-endothelial cells and that the remaining circulating 1 1 'in 
was localized in normal platelets. 

Clearance and Tissue Distribution of Annexin V 

Clearance of annexin V was rapid, with an a-phase of »5 minutes, at the end of which 10% to 12% 
radioactivity remains in circulation (Fig 6 Am). The majority of the annexin V was cleared through the 
kidneys (data not shown). Among the vascular structures, the highest ratio of blood to tissue was found 
in the thrombus (Fig 6BS). After the thrombus was removed, the thrombosed left common carotid artery 
segment containing the thrombus did not show a significantly higher count compared with other 
vascular structures, such as right carotid artery or aorta. We also infused l25 Mabeled annexin V starting 
at the time of initiation of current (initiation of thrombus formation) (n=3). The objective was to 
determine whether annexin V would bind to the carotid arterial wall if there was no thrombus to cover 
the area of injury. After 180 minutes of infusion, the left carotid artery was carefully removed and 
counted, and it did not show a significantly higher count compared with the uninstrumented right carotid 
artery or the aorta. These results indicate that annexin V concentrates preferentially in the thrombus and 
not in the vessel wall. 
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Figure 6. Clearance of 125 I-labeled annexin V in rabbit blood after 
administration of 1 .5 uCi l25 Mabeled annexin as intravenous (IV) 
infusion (A). Note rapid decrease in blood levels when infusion is 
stopped. B, Tissue distribution of ,25 I-tabeled annexin V at end of 
1 80 minutes of IV infusion. Note high concentration in thrombus 
relative to vessel wall. LCA indicates left carotid artery; RCA, right 
carotid artery. 



Alterations in Hemostatic and Bleeding Parameters 

Infusion of annexin V results in the prolongation of aPTT in rabbit plasma (Fig 7s). The control aPTT 
was 26.9±4.6 seconds; with 2.8 ug ■ kg' ! - min" 1 of annexin V infusion, it was 34.7±2.7 seconds; with 
4.2 ug - kg" 1 • min" 1 , 37.5*7.0 seconds; with 8.4 ug ■ kg" 1 ■ min" 1 , 37.7±4.1 seconds; and with 16 8 ug ■ 
kg" • min" , 36.0±3.3 seconds. Although the prolongation of aPTT was statistically significant (P<. 05), 
the increasing doses of annexin V infusion did not cause a significant further prolongation in aPTT, 
unlike heparin infusion (27.4±2.2 seconds with 35 U/kg bolus+0.25 U • kg" 1 • min" 1 IV and 55.0±8 
seconds with 35 U/kg bolus+0.5 U • kg' 1 • min" 1 IV) (Fig 7s). The effect of annexin V on hemostatic 
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response to a cutaneous abdominal wound was assessed after a standardized incision by weighing the 
amount of blood absorbed by a sponge placed in the wound for 5 minutes (Fig 8 AH). Animals infused 
with either saline, annexin V, or a mixture of annexin V and PC or PS micelles did not bleed excessively 
compared with untreated controls. Consistent with this observation, when abdominal incision bleeding 
was measured, no difference in accumulated radioactivity in the gauze pad was noted between annexin 
V-treated and control animals that had been infused with 125 I-fibrinogen. In contrast, animals receiving 
heparin at levels required to prevent occlusive carotid thrombosis (0.5 U ■ kg" 1 • min" 1 ) had markedly 
increased bleeding. The dose of heparin used was then steadily decreased until a level was reached at 
which there was only a moderate increase in bleeding from the abdominal wound (0.25 U • kg" 1 ■ min" 1 ) 
(Fig 8AH). At this concentration of heparin, however, occlusion of the left carotid artery occurred at 
time intervals similar to those noted in saline-treated control animals (TableH). The contrast between the 
increased bleeding tendency of animals receiving heparin (35 U/kg bolus followed by 0.5 U - kg' 1 - min" 
', the amount of heparin required to prevent formation of an occlusive thrombus) and the apparent lack 
of bleeding in animals treated with annexin V was also qualitatively evident throughout the experimental 
manipulations with regard to blood loss at incisions in the chest wall and catheter insertion sites. Neither 
annexin V and nor heparin produced a significant change in template bleeding times (Fig 8BH). 



Figure 7. Effect of annexin V or heparin infusion on aPTT of 
rabbit plasma. aPTT was performed on citrated plasma 
samples from animals infused with various doses of annexin 
V or heparin. T<.001 vs control. 
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Figure 8. Effect of annexin V or heparin infusion on bleeding in 
response to a standardized abdominal incision (A) and template ear 
bleeding time (B). Amount of blood loss into a standardized 
abdominal incision (1x4 cm) was measured by a4x4-in preweighed 
gauze pad placed into incision for 5 minutes, removed, and weighed 
to determine accumulated blood. Experimental groups received either 
annexin V or heparin at indicated dose, and blood loss before 
indicated treatment (solid bars) and 1 hour later (hatched bars) is 
shown. Template bleeding time was time required for spontaneous 
arrest of bleeding from an ear incision. Experimental groups were the 
same in A and B. Values are mean±SD. */*<.001 vs baseline. 



http ://ci rc . ahaj ournals.org/cgi/content/ ful 1/96/7/23 3 9 



6/30/02 



View larger version 

(3 IK): 
[in this window) 
[in a new window] 



A. 


Top 




Abstract 


A 


Introduction 




Methods 




Results 




Discussion 


▼ 


References 



► Discussion 

After vessel wall injury, platelets rapidly adhere to the damaged vessel wall and to one 
another to form the primary hemostatic plug. In addition, after activation, platelets 
accelerate the generation of thrombin by providing an effective catalytic surface for 
the conversion of prothrombin by factor Xa (in the presence of factor Villa and Ca 2+ ) 
and factor X by factor IXa (in the presence of factor Villa and Ca 2+ ). 1 2 3 Both factor 
Va and factor Villa were shown to bind with high affinity to a limited number of binding sites in 
platelets, wl 000 sites for factor Va and **400 sites for factor Villa. 3 1 32 33 34 The occupancy of Va 
receptor is essential for the subsequent binding of factor Xa, whereas binding of factor Villa, though not 
essential for factor IXa binding, enhances the binding affinity of IXa by fivefold 33 Platelet-bound factor 
Xa catalyzes the activation of prothrombin 300 000 times (KJKJ faster than in solution, and platelet- 
bound factor IXa catalyzes the activation of factor X 1 7 000 000 times faster than in solution 1 2 3 ' 32 33 

The nature of the binding site has not been fully elucidated, but anionic phospholipid is required for 
formation of this binding site. 4""<=uiur 

The importance of the exposure of anionic phospholipid for hemostasis in vivo is demonstrated in Scott 
syndrome, a rare bleeding disorder associated with deficiency of platelet procoagulant activity 35 The 
platelets in this border have decreased exposure of anionic phospholipid after platelet activation and 
have reduced factor Va-Xa and factor IXa binding sites. 36 37 Whether the exposure of anionic 
phospholipid ts also important in the pathogenesis of thrombosis associated with vessel wall injury is not 
known. The expression of platelet anionic phospholipids in vitro requires a stronger stimulus than that 
for the induction of aggregation and secretion. 4 6 Such strong stimuli may be provided in vivo in 
arterial injury by the exposure of subendothelial components to the adhering platelets. Furthermore the 
high fluid shear stress typically seen at these sites may be an additional stimulus, resulting in a strong 
activation. The exposure of anionic phospholipid by these stimuli may play a significant role in the 
growth of platelet-rich thrombi in arteries as their growth is stabilized by a fibrin scaffold. 

Our results show that in a mode! of arterial thrombosis, anionic phospholipids play a significant role in 
thrombus formation. The intravenous infusion of annexin V significantly inhibited thrombus formation 
m a dose-dependent manner, as judged by maintenance of blood flow with normal systolic and diastolic 
phasic profiles and inhibition of fibrin deposition and platelet accumulation at the site of arterial injury 
Most significantly, the prior mixing of annexin V with PS micelles attenuated the antithrombotic effect 
ot annexin V. whereas prior mixing with PC micelles had no effect. These results suggest that 
mechanistically, the anticoagulant effect of annexin V is mediated by its interaction with PS, presumably 
on actuated platelets. Annexin V has been shown to be selectively taken up in the thrombi in vivo 38 It 
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is also possible that annexin V may have similar effects on endothelial or other cell types at the site of 
vascular injury. 

One intriguing finding to emerge from these studies was the lack of hemostatic compromise observed in 
rabbits treated with annexin V, even at three times the concentration required to induce an 
antithrombotic effect. In contrast, the dose of heparin required to maintain vascular patency induced 
significant bleeding at extravascular sites. Although one must be careful not to overinterpret these 
results, if this finding is verified in other models of arterial thrombosis, it may provide important clues to 
the inherent differences between the mechanisms involved in hemostasis and those involved in 
thrombosis. The two methods used to evaluate hemostasis. the template bleeding time and the abdominal 
incision method, both evaluate bleeding from capillary sources. Occlusion by an arterial thrombus 
requires the continued recruitment and incorporation of platelets into the developing thrombus after the 
first wave of platelets has recognized the site of injury. These platelets are laid down on a scaffold of 
fibrin, which requires activation of a soluble coagulation system. In small capillaries, on the other hand, 
thrombus growth is much less crucial to achieve a thrombus mass sufficient to occlude the vessel. Thus, 
the procoagulant activity associated with platelets may not be required. Another possible explanation for 
the disparity between the antithrombotic effect and the antihemostatic effect of fibrin is the observation 
that annexin V does not inhibit the activity of the tissue factor Vila complex as effectively as it inhibits 
prothrombinase activity. 19 In extravascular tissues, the tissue factor-initiated clotting mechanisms may 
be less amenable to inhibition. Finally, the differential effect can also be due to the most obvious 
differences between capillaries and arteries: the ratio of endothelial surface to blood volume. In 
capillaries, where this ratio is large, the altered endothelial surface may suffice to bring about the arrest 
of bleeding, whereas in large arteries, where this ratio is small, platelet procoagulant activity may have a 
predominant role. In any event, our data suggest that the platelet procoagulant activity is not as 
important for capillary hemostasis as for arterial thrombosis. Of interest, the Ms Scott for whom the 
Scott syndrome was named has a normal bleeding time. 35 

In conclusion, our experiments show that the inhibition of procoagulant activity of platelets by annexin 
V can attenuate experimentally induced arterial thrombosis in the absence of excessive bleeding. These 
observations lend support to the notion that anionic phospholipid exposure in platelets has an important 
role in arterial thrombosis. Inhibition of this activity may be a novel target for antithrombotic therapy in 
conditions associated with arterial injury, such as acute myocardial infarction and stroke, and after 
angioplasty. 

► Selected Abbreviations and Acronyms 



aPTT = activated partial thromboplastin time 
HBS = HEPES-buffered saline 
PC = phosphatidylcholine 
PS = phosphatidylserine 
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TBS Tris-buffered saline 
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